The involvement of the nucleoside triphosphates in the initiation of the synthesis of the messenger ribonucleic acid of five T4 specific enzymes has been studied. Only one of these, the messenger RNA for deoxynucleosidemonophosphate kinase, can be initiated in the presence of one nucleoside triphosphate, namely ATP. All of the remaining four require the presence of at least two nucleoside triphosphates during the initiation period. The combination of ATP and UTP was best for the initiation of messenger RNA for dihydrofolate reductase, ATP and CTP for deoxycytidylate hydroxymethyltransferase and fl-glucosyltransferase, and ATP and GTP for a-glucosyltransferase. We have concluded that there is a great variation in the nucleotide composition and sequence of the initiation sites in T4 DNA. No correlation in the requirements of nucleoside triphosphates during the initiation period could be observed among the five systems studied according to their classification as one type or another of "early" T4 messenger RNA.
transferase. We have concluded that there is a great variation in the nucleotide composition and sequence of the initiation sites in T4 DNA. No correlation in the requirements of nucleoside triphosphates during the initiation period could be observed among the five systems studied according to their classification as one type or another of "early" T4 messenger RNA.
Studies in vitro on the transcription of T4 DNA with purified RNA polymerase of Escherichia coli have shown that initiation of early messenger RNA (mRNA) occurs at specific sites dictated by E. coli sigma factor (1, 2) . The number of sites at which early RNA synthesis can be initiated has been determined by a variety of means resulting in values ranging from 6 to 25 (3) (4) (5) (6) . Since the function of sigma factor is to promote the binding of RNA polymerase at specific sites, attempts have been made to elucidate the nucleotide sequence that comprises the starting points for mRNA synthesis. With the use of y-labeled nucleoside triphosphates it has been shown that the 5' end of T4 specific RNA contains a predominance of ATP and GTP at its terminus, ATP being 2 to 7 times more frequent than GTP (3, 5, 7) . Further studies to determine which nucleotides were adjacent to the 5' ATP of T4 DNA primed reactions resulted in the finding of a nonrandom distribution, with cytosine appearing most frequently (38%) followed by uridine (32%), adenine (22%), and guanine (8%) (7) .
It was, therefore, of interest to investigate the initiation characteristics of the promoter sites for several T4 specific mRNAs. Included in this group is that for deoxynucleosidemonophosphate kinase, a "delayed-early"* enzyme, whose mRNA appears to be of special interest with respect to its size. It has been estimated that the minimal molecular Abbreviations: Messenger RNAs for: deoxynucleosidemonophosphate kinase, dNMP mRNA; a-glucosyltransferase, agt mRNA; j3-glucosyltransferase Ogt mRNA; deoxycytidylate hydroxymethyltransferase, HM mRNA; dihydrofolate reductase, H2F mRNA.
weight for this mRNA is approximately 2.9 X 105 (11, 12) , which is just sufficient to code for one of the two identical deoxynucleosidemonophosphate kinase subunits (11) . Although it has been proposed that delayed-early RNAs are primarily extensions of "immediate-early"* transcripts (13) (14) (15) , it appears unlikely that an RNA species such as that for deoxynucleosidemonophosphate kinase falls into this extension category. Also studied were the initiation characteristics of mRNAs for two additional delayed-early enzymes as well as two immediate-early enzymes in an attempt to determine whether any similarities existed within or between these two groups.
Our results demonstrate that the initiation characteristics of deoxynucleosidemonophosphate kinase mRNA are unique among those studied in that it alone was able to be initiated in the presence of a single nucleoside triphosphate, whereas at least two were required for all other mRNA initiations.
It was also demonstrated that no apparent correlations exist among those mRNAs classified within the immediate-early or delayed-early groups. Of the mRNAs assayed, the requirements for nucleoside triphosphates during the initiation period differ sufficiently to suggest that the initation sites on T4 DNA for these transcripts are not of the same composition. Enzyme Assays. An aliquot of 0.05 ml of the protein-synthesis reaction mixture was used for the assay of each enzyme. Deoxynucleosidemonophosphate kinase and a-glucosyltransferase (EC 2.4.1.2; 1,4-a-D-glucan:1, 6-a-D-glucan 6-aglucosyltransferase) were assayed as previously described (20) except that incubation was for 1 hr at 370, and termination of the assay for a-glucosyltransferase was similar to that described below for B-glucosyltransferase (EC 2.4.1.12;
The activity of ,B-glucosyltransferase was assayed by the addition of 0.05 ml of reagents containing 200 mM KPO4, pH 7.8, 50 mM MgCl2, 100,ug/ml of T2* (unglucosylated) DNA, and 100 mM uridine diphosphate ['4C]glucose (87.7 cpm/pmol). The assay mixture was incubated at 370 for 1 hr. The reaction was terminated by the addition of 1.0 ml of H20 followed by 1.0 ml of cold 10% trichloroacetic acid. The solution was allowed to remain for 15 min at 00; the precipitate was collected on glass-fiber filters, dried, and counted by the addition of 10 ml of Liquifluor.
Deoxycytidylate hydroxymethyltransferase and dihydrofolate reductase were assayed according to the methods described by Trimble et al. (21) , except that deoxycytidylate hydroxymethyltransferase was assayed for 1 hr at 250 and the assay mixture for dihydrofolate reductase contained 100 mM RESULTS Effect of nucleoside triphosphates on the initiation of T4 specific RNAs Deoxynucleosidemonophosphate Kinase mRNA (dNMP mRNA). The initiation of mRNA for deoxynucleosidemonophosphate kinase, a delayed-early function (21, 22) , is shown in Fig. 1A . Of the various nucleoside triphosphates and their combinations, ATP is the principal compound necessary for the initiation of dNMP mRNA. Over 50% of the total amount of this mRNA formed as a result of initiation in the presence of all four nucleoside triphosphates is produced when initiation occurs in presence of ATP alone. None of the remaining nucleotides, UTP, GTP, or CTP can effect the initiation of this message when present alone or in combinations with each other. An examination of nucleotide mixtures shows that the presence of UTP in conjunction with ATP enhances the amount of dNMP mRNA formed to approximately 80% of maximum. This is observed with the mixtures of (A,U), (A,U,C), and (A,U,G), whereas mixtures lacking UTP but containing ATP, for examples, (A,G), (A,C), and (A,G,C), all yield approximately the same amount of mRNA as does ATP alone. In the absence of ATP, combinations such as (G,C), (GU), (U,C), and (G,U,C) do not initiate the synthesis of any dNMP mRNA. Thus, initiation occurs with ATP alone and is enhanced to almost the full complement of messenger formation by the presence of UTP. a-Glucosyltransferase mRNA (agt mRNA). The effect of nucleoside triphosphates on the initiation of the delayed-early a-glucosyltransferase message (13) appears to be significantly different from that observed with dNMP mRNA. The results as shown in Fig. 1B demonstrate that ATP plus GTP are the key nucleotides for initiation of agt mRNA. In contrast to dNMP mRNA, none of the nucleoside triphosphates alone could cause the initiation of agt mRNA to any great extent. In addition, the combination of ATP and GTP yields the most significant amount of mRNA when pairs of nucleotides are compared. These two nucleotides yield twice the amount of mRNA that is initiated with the combination of ATP and UTP; whereas, for dNMP mRNA, the effect was all but reversed. The involvement of GTP in the initiation of agt mRNA is also observed when this nucleotide is supplemented with UTP, for example as noted with the combinations of (GU) (20%) and (G,U,C) (35%). These values when compared to dNMP mRNA, which shows no initiation with either of these combinations, illustrate that there are significant differences in the initiation profiles of these two delayed-early mRNAs.
f3-Glucosyltransferase mRNA (Ggt mRNA). The initiation profile of an additional delayed-early mRNA, namely, that of B-glucosyltransferase (13) (Fig. 1C) , like that of agt mRNA, differs markedly from that of dNMP mRNA. In comparing the initiation characteristics of Bgt mRNA with those of agt mRNA, we observed no striking differences. As for agt mRNA, ,Bgt mRNA is not initiated in the presence of individual nucleoside triphosphates. In comparing combinations of two nucleotides, we find that the maximal amount of initiations occur in the presence of the pair (A,C), a result unlike that for dNMP mRNA (AU) or agt mRNA (A,G). An additional difference between the two transferases is noted KF instead of 200 mM KCl.
Proc. Nat. Acad. Sci. USA 71 (1974) by comparison of the amounts of initiation that occur with (A,U,C) . These differences in the initiation profiles of the two transferase mRNAs are significant although not as great as those observed in comparisons of either with that of dNMP mRNA. Therefore, in a comparison of these three delayedearly mRNAs no obvious correlations appear to exist. Since the initiation of the synthesis of these three delayed-early mRNAs have different nucleotide requirements, we conclude that their initiation sites on T4 DNA are not of the same composition.
Deoxycytidylate Hydroxymethyltransferase mRNA (HM mRNA). The synthesis of an immediate-early message, namely, that of deoxycytidylate hydroxymethyltransferase (21, 23, 24) , is shown in Fig. 1D . The initiation of this message in the presence of different nucleotides and their combinations shows a response different from that of the three mRNAs previously discussed. The principal nucleotide pair combination for HM mRNA is that of ATP and CTP (A,C).
At least 60% of the maximal initiation response seen with all four nucleoside triphosphates is obtained with this pair. For i#gt mRNA, ATP plus CTP, which was also the principal nucleotide-pair combination, was slightly more effective than ATP plus GTP, whereas for HM mRNA the relative response with (A,G) was only one-half that of (A,C). The importance of ATP and CTP is also noted when combinations of three nucleoside triphosphates were tested for their capacity to initiate the synthesis of HM mRNA. (A,U,C) and (A,G,C)
both yield approximately 70% of the total amount of mRNA possible, whereas a mixture containing (A,U,G) results in a somewhat lower value (48%). The latter combination, which does not contain any CTP, results in less initiations than for the pair (A,C).
An examination of effects of single nucleoside triphosphates indicates that ATP is somewhat more effective than UTP, GTP, or CTP in the initiation of HM mRNA. The amount of message initiated in the presence of ATP is not as significant as that observed with dNMP mRNA, but still appears to be consistently more than that found with the remaining three nucleotides when tested individually.
Dihydrofolate Reductame mRNA (H2F mRNA). The initiation of mRNA for dihydrofolate reductase, an enzyme that has been classified as immediate-early (21) , is shown in Fig. 1E . The synthesis of H2F mRNA appears to be initiated principally by ATP and UTP (A,U) a combination that yields approximately 50% of the total H2F mRNA initiated in the presence of all four nucleotides. Single nucleoside triphosphates or other double nucleotide combinations, with the exception of (A,C), do not appear to have a significant effect on the initiation of this mRNA. Combinations consisting of three nucleotides follow the pattern established with two nucleotides present during initiation. For example, the amount of H2F mRNA synthesized after initiation with (A,U,G) is approximately the same as that formed with (A,U); similarly (A,G,C) yields amounts comparable with that stimulated by (A,C). From these data it would appear that the principal nucleotide-pair combination for H2F mRNA initiation is ATP and UTP, with lesser amounts being realized by ATP and CTP. In comparing the data of the above T4 specific immediateearly mRNAs, it can be seen that their initiation occurs with different nucleotide combinations. For example, (A,U) and to a lesser extent (A,C) are involved in the initiation of H2F mRNA, whereas (A,C) and possibly (A,G) are effective in the case of HM mRNA. These results indicate that the initiation of these immediate-early mRNAs occurs at sites on T4 DNA of different nucleotide compositions.
DISCUSSION
The present studies clearly indicate that the five initiation regions of T4 DNA studied vary in their nucleotide sequence and content. One of the most interesting of the initiation conditions studied was that for dNMP mRNA, in which approximately half of the maximal amount of mRNA could be initiated solely in the presence of ATP. This finding indicates that a portion of the initiation regions in T4 DNA for this mRNA may consist of a pyrimidine (i.e., thymine)-rich segment. Initiation signals consisting of pyrimidine clusters have been described by Szybalski et al. (25) .
In recent reports from other laboratories (26, 27) data are presented that support our experiments, suggesting that the promoter regions of T4 DNA do not consist of a unique nucleotide sequence. Downey et al. (26) have shown that RNA synthesis in vitro may be stimulated most effectively by the dinucleotides, ApU and UpA, with ApC, CpA, ApG, GpA, and ApA being somewhat less effective. Each of these combinations of nucleotides may have a counterpart in the promoter sites on T4 DNA for the messages we have studied. For example, one might predict that H2F mRNA might be principally initiated by ApU or UpA, dNMP mRNA by ApA, agt mRNA by ApG or GpA, and HM mRNA by ApC or CpA.
The function of one nucleotide (such as UTP in the case of dNMP mRNA) in extending the efficiency of another nucleotide (ATP) in the formation of a rifampicin-resistant initiation complex is presently unknown. This synergistic effect of one nucleotide on another might be interpreted in terms of completion of the total initiation site to make possible the stacking of several RNA polymerase molecules at this site. Models of initiation such as this have been suggested by Blattner et al. (28) and Schafer et al. (5) , who advocate a "drift" or "storage" stretch within the promoter region. Alternately, these effects might be attributed to an increased binding of RNA polymerase at an initiation site, or possibly to the production of a specific mRNA from more than one site within T4 DNA.
Studies in vitro on the transcription of T4 DNA with purified E. coli RNA polymerase have produced two popular models to explain the in vivo synthesis of delayed-early mRNA. One model postulates that the delayed-early mRNA is an extension of immediate-early transcripts (13) (14) (15) , and that control of protein. This passive model for the regulation of the synthesis of phage mRNA would predict that the promoter site adjacent to an immediate-early cistron is also utilized for any delayedearly genes that follow it.
For two mRNAs we have studied, the structural gene for the delayed-early p-glucosyltransferase is adjacent to immediate-early deoxycytidylate hydroxymethytransferase in the known direction of transcription (29, 30) . If the former were formed entirely as an extension of the latter, then one might expect that their initiation profiles would be identical. However, as seen in Fig. 1C and D, the patterns of initiation by nucleotides are quite different in the two cases. This could be interpreted to mean that the initiations of these two cistrons are not related or that the profile of fl-glucosyltransferase initiation represents a composite of initiations at the dCMP hydroxymethyltransferase promoter plus those at a specific j8-glucosyltransferase site.
A second model proposing a positive control for the transcription of delayed-early cistrons, has been advanced by Travers (31, 32) on the basis of his finding that a T4 sigma factor produced during the infection period is capable of recognizing additional initiation sites on the T4 DNA. If the E. coli and T4 sigma factors are each involved in the recognition of a specific class of the two species of early RNA [as now seems unlikely (33, 34)1, one would anticipate identifying two types of initiation profiles by our method. However, in comparing the initiation characteristics of the mRNAs of the five enzymes studied, we have not been able to distinguish them on this basis.
Since it has been demonstrated that the initiation characteristics differ significantly for the mRNA of 5 out of approximately 52 "early" T4 proteins (35) , the higher values estimated for the number of T4 promoter sites are more in accord with our findings.
Furthermore, we have been unable to distinguish these sites according to any specific classification. We, therefore, believe that there are possibly many initiation sites on the T4 DNA, each with a different pattern of nucleotide sequences. These sites might be expected to bind RNA polymerase to various degrees depending on their nucleotide composition and upon the nature of the sigma factor. The degree of interaction of RNA polymerase with a particular initiation site would thus be a principal factor in the regulation of the amount of transcription of that cistron. This work was supported by a Grant-In-Aid CA 02015 from the National Cancer Institute, National Institutes of Health.
